ABSTRACT In order to study the lightning indirect effects on the metal cylinder, the direct current injection test devices on the metal cylinder were studied in this paper based on experiment and simulation. The return conductor configuration was designed. A giant magneto resistive (GMR) sensor was calibrated to measure the intensity of the magnetic field inside and outside the metal cylinder. The impulse current injection test system similar to coaxial transmission line was established and the injection experiment was carried out. In order to verify the experimental results, a numerical simulation using the CST Microwave Studio was given. The magnetic field intensity inside and outside the metal cylinder is discussed by comparing the experimental and computational results. Moreover, the space distribution of the magnetic field is also simulated. The results show the feasibility of the test devices. The conclusions provide a foundation for further lightning indirect effect test on cylindrical ordnance.
I. INTRODUCTION
Lightning occurs average about 8 million times a day on earth, all kinds of flying objects could be struck by lightning inevitably [1] . The interaction effects of the lightning with the flying objects can be divided into direct and indirect effects. The direct effects refer to the physical damages to the flying objects including dielectric puncture, skin burn out, etc. The lightning indirect effects for flying objects represent the lightning current flowing along the discharge channel on the skin and structure of the flying objects, inducing strong electromagnetic (EM) fields [2] - [5] .
Under the action of EM fields coupling effect, part of the lightning energy will be transmitted or radiated to the inside of flying objects. Meanwhile, the coupled fields will interfere electrical and electronic equipment in the flying objects. If the coupled fields exceed the immunity limits of equipment, the interference will generates damages to the equipment [6] .
In common weapons and equipments, most of the flying objects are cylindrical, such as missiles, rockets shells and so on. It is provides in the Standard MIL-STD-464C [7] that the ordnance system should meet its performance requirements if
The associate editor coordinating the review of this manuscript and approving it for publication was Flavia Grassi. the system is exposed to lightning environment or even struck by lightning. In order to test whether the system meets the requirements, we should evaluate the system according to the corresponding standards. In the standard SAE ARP5416 [8] , lightning indirect effect test for small fixed wing aircraft is provided, and the test setup includes the aircraft, the current generator, a suitable return conductor and so on. The return conductors can provide reasonably uniform current distribution on the surfaces of aircraft. Referring to the method in standard SAE ARP5416, one can test the lightning indirect effect of the metal cylinder by constructing a return conductor device.
In the aspect of lightning indirect effect, many researchers have already done a lot of meaningful work. Such as Jean-Philippe Parmantier who has made a lot of achievements in studying electromagnetic models (EM models) [9] - [15] . And the models have been applied to the lightning indirect effects of aircraft. It solves many problems of cable coupling caused by lightning indirect effects. In [16] , the method to build the configuration of the return conductors for aircraft was given by numerical simulation.
In the early 1990s, the direct current injection (DCI) method was introduced in the EMC test field, which is an alternative technology for testing EMC safety margin instead of HIRF [17] - [19] . Recently, we presented a method to constructing the experimental device for lightning indirect effect on the metal cylinder flying object [20] . A cage-like frame can be designed as the coupling device to carrying the impulse current injection tests. The device refers to the DCI current injection device and it adopts the typical coaxial structure of multi-line outside metal cylinder. The structure of the current injection device was determined by designing the layout of the return conductors, including the number of return conductors and the distance between the return conductor and the metal cylinder.
The main purpose of this paper is to introduce the lightning current injection test devices on the metal cylinder based on experiment and simulation. The return conductor configuration was designed. A Giant Magneto Resistive (GMR) sensor was calibrated to measure the intensity of the magnetic field. The impulse current injection test system similar to coaxial transmission line was established and the injection experiment was carried out. In order to verify the experimental results, a numerical simulation using the CST Microwave Studio was given. The magnetic field intensity inside and outside the metal cylinder are discussed by comparing the experiment and computational results. The results show the feasibility of the test devices. The conclusions provide foundation for further lightning indirect effect test on cylindrical ordnance.
II. TEST CONFIGURATION AND EXPERIMENTAL RESULTS

A. THE DESIGNED RETURN CONDUCTOR
According to the simulation analysis of [20] , we designed the return conductor configuration for metal cylinder to carry out the lightning indirect effect experiment. Fig. 1 shows the simulation model. In [20] , we mainly discussed the structure design of the current injection device. Uniform surface current distribution can expose electromagnetic leakage from holes and slits on the surface of metal cylinder. In order to obtain a uniform surface current distribution on metal cylinder, the structural parameters of the current injection device are determined by simulating the effects of different return conductor layouts on the surface current distribution. Fig. 2(a) shows the surface current distribution at different positions on a certain cross section of the metal cylinder under the different number (N) of return conductors. When N = 2, the uniformity of surface current distribution is poor. When N = 4, 8 and 12, the difference in uniformity of surface current distribution is small. Fig. 2(b) shows the surface current distribution at different positions on a certain cross section of the metal cylinder under the different distance (d) between return conductors and metal cylinder (N = 8). It shows that the uniformity of surface current distribution on the metal cylinder is the best when d is 50 centimeters. Based on the simulation and design results, a DCI injection device is made.
As shown in the Fig. 3 , the external frame is wooden bracket, the length is 2.1 meters, the width is 1.4 meters and the height is 1.7 meters. The pulley is installed at the bottom to move. The length of coaxial return conductor arrangements is 3 meters and its diameter is 1 meter. The coaxial return conductor arrangements consist of 8 conductor circuits with a width of 3 cm. The eight return conductors are evenly distributed and they are fixed with 5 sets of circular insulated epoxy plates. There are two reflux rings equipped in the front and back of coaxial return conductor arrangement.
B. THE GMR SENSOR FOR MAGNETIC FIELD
In order to measure the intensity of the magnetic field inside and outside the metal cylinder, a Giant Magneto Resistive (GMR) sensor can be used [21] . The GMR sensor has an advantage of small size; it is fitted to measure some equipment with limited space, such as the missile body. The sensor has a bandwidth of about 1 MHz and it can be used to measure lightning pulse signals. In addition, the GMR probe has little effect on the magnetic field of the measured space. When the sensitive axis of the GMR sensor chip is same to the direction of the magnetic field, its output voltage varies large. We can measure the varied voltage to obtain the magnetic field intensity. Here we use a copper ring to calibrate the GMR probe, as shown in Fig. 4 .
The diameter of the copper ring is 2 meters, and the GMR sensor is set in the center of it. The current flowing through the ring is I, I = U /R, U is the voltage across the load resistance R. The magnetic field at the center of the ring is calculated as follows [22] : where I(t) is the current flowing through the ring, r = 1m is the radius of the ring. The source is generated by the impulse waveform generator of standard lightning component A [23] with lower level. The test data can be seen in Table 1 . One can see that the average of calibration coefficients for X-axis measurement is 39.98 (A/m)/V. The inherent noise of sensor in X-axis is about 2 mV. To improve the accuracy, minimum output level is 4 mV, that is, the lowest measurable magnetic field value is 0.15992 A/m. Since the GMR sensor uses an optical isolation system. Its maximum output voltage is 1.2 V. The highest output voltage of the optical isolation system is used as the upper limit of the measurement range of the measurement system. The highest measured magnetic field intensity in X-axis is 47.976 A/m.
C. THE IMPULSE CURRENT INJECTION TEST SYSTEM
The test system connection is shown in Fig. 5 . The metal cylinder is placed in the center of the designed return conductor configuration. They form a system which is similar to coaxial transmission line. The lightning current is injected into the head of the metal cylinder; it flows from the head to the tail of metal cylinder. And it flows by the return conductor to the generator. In addition to the connection point on the end of the return conductors, the metal cylinder is insulated from the return conductors. And the whole system is insulated from the ground except the safe grounding of the generator. The injection current is the lightning current component A with a lower level, as shown in Fig. 6 .
In the experiment, the test discharge current level can't reach to the 200 kA level, we use a lower level current to inject. It is generated by the impulse waveform generator of current component A, SJTU-ICG-A1.5, characterized by the rise time of 3±0.5 µs, the peak time of 6.4±1 µs and the fullwidth at half-maximum of 69 ± 5 µs. It is injected through a metal conductor that is fixed to the head of the metal cylinder. It is necessary to ensure the connection between the conductor and metal cylinder is very tight to reduce the resistance. Actually, it is strongly affected by the resistance of the whole circuit for the impulse current waveform. A Rogowski coil is used to measure the waveform of impulse current.
In the experiment, we measure the external and internal magnetic fields of the metal cylinder using the GMR sensor. The GMR sensor connects to an oscilloscope by an optical fiber transmission system. The optical receivers and oscilloscopes are placed in shielded enclosures. The coordinates are set as shown in the Fig. 5 . First of all, we measure the external surface magnetic field of the metal cylinder, the GMR sensor is placed directly above the head and middle of the metal cylinder, as shown in Fig. 7(a) . Then we measured the internal magnetic field of the metal cylinder, and the GMR sensor is placed inside the middle of the metal cylinder, as shown in Fig. 7(b) .
D. EXPERIMENTAL RESULT
The first results are the external magnetic field above the head and middle of the metal cylinder. The typical waveform of the external magnetic field is shown in Fig. 8 , and the injection current waveform is also given. One can see that the waveforms have almost the same shape. The rise times of the magnetic field waveform and the measured injection current waveform are about 9 µs and 9.48 µs, and the full-width at half-maximum is about 80 µs and 90 µs, respectively. The time rise to peak is about 16 µs.
The external magnetic field above the head of the metal cylinder is given at the different amplitudes of injection current shown in Table 2 . The external magnetic field above the middle of the metal cylinder is given at the different amplitudes of injection current shown in Table 3 .
In the tables, the peak value of the injection current is measured by a Rogowski coil, and the peak value of the voltage is measured by the GMR sensor, and the magnetic field is obtained by multiplying the calibration coefficients of the GMR sensor with the peak value of the measured Voltage. In the experiment, the injected current flowed from the head of the metal cylinder toward the tail, and then produced the magnetic field around it in the direction of the X-axis. So we measured the magnetic field along the X-axis only. From the tables 2, we can see that with the injection current amplitude increases, the magnetic field intensity at the measuring points increases almost linearly. However, in the tables 3, with the injection current amplitude increases, the magnetic field intensity at the measuring points increases nonlinearly. This phenomenon is mainly due to the effect of the holes on metal cylinders on the distribution of surface currents and electromagnetic fields.
The second results are the internal magnetic field inside the middle of the metal cylinder. Fig. 9 is a typical test waveform inside the metal cylinder. It can be seen that the waveform is different from the measured injection current waveform shown in Fig. 8 . The rise time increases to 23 µs, and the full-width at half-maximum increases to 206 µs. Table 4 shows the test data for the internal magnetic field inside the middle of the metal cylinder. We can see that the internal magnetic field increases almost linearly with the injection current increases. Comparing Table 4 with Table 3 , the external magnetic field is forty times in comparison with the internal, if at the same level of injection current. That is to say, for better shielded metal cylinder, the coupled magnetic field inside is weak.
III. SIMULATION VALIDATION
In order to verify the experimental results, a numerical simulation was given. The computational tool used in the simulation is the CST Microwave Studio. It is a powerful tool for analyzing the three-dimensional electromagnetic problems. The equal ration model of the metal cylinder is built in CST, as shown in Fig. 1 . The return conductors are joined around the metal cylinder to form a cage structure. The material of the metal cylinder is aluminum, and the material of the return conductors is PEC. The diameter and thickness of the metal cylinder is 30 cm and 1cm respectively. The width and thickness of the return conductors is 3cm and 2mm respectively. The distance between return conductors and the axis of the metal cylinder is 50 cm. Lightning current component A is injected into the head of the metal cylinder and flows along the metal cylinder. Then the current flows out the metal cylinder from the tail to return conductors. They form a structure similar to the coaxial line. The end of the metal cylinder connects with terminal impedance which is set as 1 to prevent resonance [9] .
In the software CST, the Transmission Line Matrix (TLM) algorithm is used and the hexahedral mesh generation method is adopted. The frequency ranging between 0 and 200 MHz is accepted, and the number of mesh cells is about 2.78 × 10 6 . In order to simulate the real flying status, open boundary conditions are adopted. To obtain the influence of lightning current flowing along the metal cylinder and its indirect effects, the total computation time should cover the halfwidth of the current component A. Here 350 µs is accepted.
Firstly, the magnetic probes are placed above the metal cylinder in the simulation, and the peak value of injection current is set as 39 A. The measured and simulated waveforms of the magnetic field are shown in Fig. 10 (a) and (b) , respectively.
From Fig. 10 (a) , it is observed that the rise time of the computed waveform and the measured waveform in are about 2.85 and 8.74 µs, respectively. The rise time of the measured waveform is longer than the computed waveform, and the maximum amplitude of the magnetic field intensity is bigger than the computed waveform and the increase of maximum amplitude is about 1.2 dB.
From Fig. 10 (b) , the maximum amplitude of the measured waveform is smaller than the computed waveform and the reduction of maximum amplitude is about 0.7 dB. The rise The discrepancies between the measured and computed magnetic field in Fig. 10 are mainly due to the fact that the test environment is not as ideal as the simulation environment, which is an uncertain factor as the welding may have great influence on the distribution of the injected current and magnetic field. Actually, with the transmission of injected current, the magnetic field intensity is weaker.
Secondly, the space distribution of the magnetic field is also simulated. Fig. 11 shows the space distribution of the external magnetic field on (x, y)-plane located at z = 0, when the waveform of injection current component A reaches the peak in 6.4 µs. It is obviously that the magnetic field is stronger near the lightning current path. Therefore, this may cause serious damage to sensitive equipment near the path. It is necessary to prevent the lightning current flowing inside the metal cylinder.
IV. CONCLUSION
In this paper, the lightning indirect effect test devices on metal cylinder are studied. The impulse current injection test system similar to coaxial transmission line is established to carry out the injection experiment. In order to verify the experimental results, a numerical simulation using the CST Microwave Studio is given. There are some conclusions as follows:
a. The typical waveform of the external magnetic field has almost the same shape with the injection current waveform. b. The typical waveform of magnetic field inside the metal cylinder is different from the measured injection current waveform. The rise time is increased and the full-width at half-maximum is also increased. c. By comparison, the external magnetic field is forty times in comparison with the internal magnetic field, if at the same level of injection current. d. The external magnetic field appears with strong intensity in the parts with small radius of curvature and the external magnetic field shows strong intensity near the lightning current path. The conclusions provide foundation for further lightning indirect effect test on cylindrical ordnance. In addition, to improve the simulations, one can measure the resistance of contacts in each part of the experimental structure integrated in the simulation model. 
